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I. Introduction
NMANNED aerial vehicles (UAVs) have become increasingly popular in recent years due to their versatility. Not only do they provide a stable and manageable airborne platform, they are designed at various sizes and configurations to fulfill the different mission requirements in terms of payload, maneuverability, range and endurance. On the other hand, the noise generated by UAVs has become a significant issue of concern. In military operations, noise reduction equates to better survivability and surveillance 1 whereas in civilian deployment, noise reduction alleviates health problems associated with prolonged exposure to elevated level of noise 2 . While noise reduction is achievable through various means, it is crucial that these methods do not affect significantly the aerodynamic performance and handling of the vehicles. As a result, in order to propose innovative solutions to noise reduction in UAVs, it is imperative to understand the aeroacoustic characteristics and noise generation mechanisms of the system.
Propeller self-noise is one of the major contributions in the noise generated from the UAV platforms. It is primarily generated by interactions between the flow and the trailing edge and tip of a propeller 3, 4 . The noise signatures of the propeller self-noise consist of a broadband noise produced through the interactions of turbulent flow, caused by boundary layer instability, with the trailing edge and several tonal noises related to the vortices shed by the propeller tips at multiples of the blade passing frequency. In addition, blade-vortex interactions (BVI) also generate a noticeable amount of noise due to pressure fluctuations on a blade induced from the previously generated tip vortices 5 .
Indeed, propeller performance at low Reynolds numbers has become increasingly important in the design and performance prediction of the UAVs. However, study on propellers at low Reynolds numbers has been rather limited. Bailey 6 documented experimental tests on seven wooden Top Flite TM model-airplane propellers ranging in diameter from 9 to 14 inch. It was reported that those results showed propeller efficiencies of approximately 7.5% to 15% lower than the larger 36-in diameter propellers having similar pitch-to-diameter ratios, as tested by Durand 7 . Similar degradation in performance was later measured by Bass 8 for propellers larger than 24-in diameter, and by Asson and Dunn 9 , who obtained measurements on two wooden 14-in diameter Zinger brand model airplane propellers. During the same period, when the present study was carried out, Merchant and Miller 10 conducted a comprehensive study on as many as 30 model airplane propellers ranging in diameter from 6 to 22 in and created a database for optimize propellers, but only a subset of the measurements on seven propellers have been reported from that effort 11, 12 . More recently, Ol, et al. 13 carried out measurements on many propellers UAVs and made detailed analyses and comparisons to reveal low Reynolds number effects, especially for propellers of small diameter, large blade taper ratio and operation at low advance ratio. It was found that predictions and accurate capture of Reynolds number effects were very sensitive to propeller twist and chord distributions. A total number of 79 propellers were tested and nearly all within the 9 to 11 in diameter range. Thrust and torque were measured over a range of propeller advance ratios for discrete propeller speeds (RPM's) at low Reynolds number. The results showed significant Reynolds number effects with degradation in performance with lower RPM's. Also, over a ranger of propellers, the propeller efficiency varied greatly from a peak near 0.65 down to near 0.28 for an exceptionally poor propeller. Moreover, John and Michael, in their study on propeller performance, determined the static thrust over a range of propeller speeds from nominally 1500 to 7500 RPM depending on the propeller diameter 14 , and observed that propeller efficiencies varied greatly from 0.28 to 0.65, which indicated that the proper selection of propellers the proper propeller selection had a great effect on aircraft performance. Cambray et al. 15 conducted experiments on near-field and far-field noise of UAV with different pitch angles and blades with serrated trailing edges. Results show that increasing of pitch angle leads to greater broadband and tonal noise. Furthermore, Nikolas 16 conducted performance and acoustic measurements of an isolated unmanned aircraft system (UAS) rotor in hover conditions and compared favorably with previously measured data in an anechoic chamber and blade element-based acoustic predictions. Static thrust measurements made in the Low Speed Aeroacoustic Wind Tunnel (LSAWT) are in excellent agreement with measurement made in the Structural Acoustics Loads and Transmission (SALT) anechoic chamber on the U same rotor. Acoustic directivity measurements identified deviation at characteristic frequencies and BPF is agree with prediction for frequencies above the estimated cut-on frequency.
In order to understand the noise generation mechanism for development of more robust noise control techniques, such as serrations [18] , porous material [19] , the present experimental work is performed with the objective to complement the previous studies by Cambray et al. as well as to shed more light upon the noise generation mechanism of small diameter propeller blades, particularly, when these blades are subjected to a steady incoming flow (i.e. in-forward-flight conditions). A series of measurements has been carried out to observe the variations of broadband and tonal noises with different propeller loads, which are in-turn controlled carefully using a combination of different propeller pitches, rotational speeds as well as the incoming flow velocities.
II. Methodology
The experiments were performed in the University of Bristol Aeroacoustic facility, which is a closed-circuit, open-jet anechoic wind tunnel. The anechoic chamber has a cut-off frequency of 160 Hz with dimensions of 6.7m × 4m × 3m. The nozzle of the wind tunnel has an area of 0.5m × 0.775m (width × height) which allows a steady-operation from 5m/s to 40m/s. The present experiments were conducted with free stream velocities varying from 5m/s to 20m/s, which corresponds to Reynolds numbers from 100,000 to 400,000 based on propeller diameter (i.e. ReD = UD/v). The anechoic wind tunnel is designed to provide a 'silent' air flow system with sufficiently low background noise for far-field noise measurements, with a far-field microphone array consisting of 23 1/4" GRAS 40PL microphones spanning from 45 o to 130 o at 5 o interval. The microphone array is installed on a polar arc, located 1.65m top of the working section along the centerline of the nozzle. In order to simulate the in-flight conditions under ordinary UAV operational profile, the test rig was positioned in the middle of the open jet nozzle, approximately 600mm away from the nozzle exit, as shown in Figure 1 , as such, to prevent undesirable acoustic reflections from the nozzle lip as well as to remain within the jet potential core for flow uniformity 17 . Readers are advised to refer to Mayer et al. 17 for details on the flow characteristics of the anechoic wind tunnel. Figure 2 presents the images of the test rig used for this experimental study. The propeller rig was designed to allow for testing various propeller blades. The rig is composed of a small brushless motor, a 3D printed nacelle, a load cell, and supporting structures. Electronic speed control (ESC) is used to control and regulate the speed of brushless motor. The thermal limitations of the motor and ESC were considered for the desired operational rotational speed range. A NovaTech F310 axial force and torque transducer was mounted directly behind the motor to measure the aerodynamic loads from the propellers in static and in-flight conditions, at a sampling rate of 1000Hz and an accuracy of ±0.5%. The data is collected using National instrument 9234 card and the data is collected via RCbenchmark software. The supporting structures are housed in a hub with an aerodynamic shape to avoid any noise interferences from the individual components. The propeller blades and its mounting structures are securely connected to the floor to reduce any mechanical vibrations.
A schematic of the far-field noise measurement experimental set-up is demonstrated in Figure 3 . All noise measurements are collected with National Instrument PXI4499 data acquisition cards at a sampling frequency of 2 16 Hz and a sampling duration of 16s to ensure data convergence. The collected data were then subjected to standard pwelch function coupled with Hanning window and a 90% overlap to compute power spectral density, PSD (dB/Hz).
To study the effect of propeller pitch angle, a series of constant-pitch propellers with identical diameter and varying pitch values were used. Seven commercially available APC model aircraft propellers were used in the experiments. All the propellers had a diameter of 11 inches. Four APC Sport models (11×4, 11×6, 11×8 and 11×10) and three APC Thin Electric models (11×7E, 11×8E and 11×10E), were chosen for the study. To be able to compare the noise generated between the sport and electric propeller models, both the sport and thin electric propeller models were tested for pitch 8 inches and 10 inches. Table 1 summarizes the characteristics of propellers tested in the present study. In addition to the pitch angle, the rotational speed of the motor was carefully adjusted from 2500 RPM to 5500 RPM with an incremental interval of 500 RPM. 
III. Results and Discussion

A. Aerodynamic performance
In this section, the effect of the flow velocity at different propeller rotational speeds is examined on the aerodynamic loads generated by different constant pitch propellers, as listed in Table 1 . Measurements were performed at rotational speeds between 2500 and 5500 RPM, with an increment step of 500 RPM. [20] . It is evident that measured data and available APC thrust and torque data are similar in magnitude and shows a similar trend with increasing the inflow velocity, that is, there are a slight decrease in the thrust and a slight increase in the torque from inflow velocity 0 m/s to 5 m/s, after which both the thrust and torque decrease continuously. Thrust decreases to zero, which is called wind-milling phenomenon. As expected, the highest rotational speed provides highest thrust and torque.
B. Effects of rotational speed
In this section, the effect of rotational speed on the acoustic signature is investigated. Figure 5 shows the far field noise powers spectral density, which is calculated via power spectral density ( Considering the case of the static thrust condition, where U=0 m/s, the spectrum is dominated by the blade passing frequency (BPF), which is defined as the product of the number of blades and the rotational frequency, and its harmonics, as denoted by the sharp peaks spanning across the entire spectra, from approximately 30Hz to 1000Hz. The tonal noise contribution increases gradually as the rotational speed is raised, i.e. the tip speed increases. The tonal contribution at BPF for the 5500 RPM case is nearly 10dB higher than the noise level for the 2500 RPM case. Note that in a constant free-stream velocity, PSD increases with the increase in the blade rotational speed. For instance, PSD is always at 5500 RPM higher than that at 2500 RPM when the flow velocity is 12m/s. Moreover, the power spectral density PSD as a function of frequency shows discrete broadband noise, which increases with the increase of rotational speed, but only up to a maximum magnitude until 4000RPM. In order to better display the effects of flow velocity on SPL, the far-field directivity behavior is illustrated. Figures 6-8 are constructed to display the directivity behavior of tonal noise generated by propeller at flow velocities 0 m/s, 12 m/s and 20m/s, respectively. The rotational speeds were controlled between 2500 RPM and 5500 RPM with an increment of 500 RPM. Each figure has four separate graphs representing the results at BPF (n=1) and its subsequent harmonics n=2, 3 and 4. The calculated fundamental BPF and the first three harmonics for all rotational speeds are presented in Table 2 . At the first blade passing frequency (n=1) in Figures 6-8 , the propeller noise seems to exhibit a cardioid behavior for most of the cases. The lower SPL values observed at lower polar angles, where the propeller is facing the flow. Nevertheless, in some of the cases, there is a slight deviation from the cardioid behavior as in the case of 4000 RPM. These deviations can possibly be attributed to the existence of a certain resonance on the experimental setup which alters the directivity. At higher blade passing frequencies (n=2, 3 and 4), the directivity pattern transits from cardioid behavior to more complex directivity patterns. The complexity of the directivity pattern at the harmonics of the fundamental BPF attenuates with the introduction of free-stream velocity. Across all flow velocities, the lowest SPL has generally been observed to be between 100°≤θ≤120° at all rotational speeds. The SPL was reduced at higher blade passing frequency (n=4) with the increase of flow velocity (12m/s and 20m/s), as shown in figure 7(d) and figure 8(d) .
C. Effects of flow velocity
In this section, the effect of flow velocity on the noise generated by APC 11×8 Sport propeller is investigated. For each RPM, the free-stream velocity at which the propeller shifts to wind-milling state changes, hence the range of the flow velocity was varied for different rotational speeds appropriately. For instance, at 2500RPM, the propeller shifts to the wind-milling state at 8m/s, but at 3000 RPM, 3500 RMP and 4500RPM the propeller starts to perform at the wind-milling state at 12m/s, 16m/s and 20m/s, respectively. This wind-milling state means the propeller doesn't provide any thrust, as shown in figures 4 (a) and (c). For instance, propeller doesn't provide any thrust at inflow velocity U=12.8m/s and the motor's rotational speed Ω=3000 RPM, and at inflow velocity U=17.2m/s and the motor's rotational speed Ω=4000 RPM. Figure 9 shows the PSD of the measured noise as a function of the rotational speed at varying flow velocity for rotational velocities of 3000 RPM, 4000 RPM and 5000RPM. To ease the interpretation, a close-up look for the region of interest is also presented for each RPM value on the right hand side of each plot. Comparing across Figures 9(a) to (c), a decrease in the tonal noise around the fundamental BPF with the increase of the flow velocity is observed for all RPM's. For instance, the tonal noise level associated with the BPF drops from approximately 51dB to 46dB when the velocity increases from U=5 m/s to 20 m/s at rotational speed of 5000RPM (i.e. Figure 9(c) ). This may be due to the reduced aerodynamic loads with increased free-stream velocity. The broadband hump at 350Hz may be due to a combination of factors, such as the aerodynamic interactions between the shed vortices and experimental setup, as well as the resonance of some components in the test rig. A distinct behavior is observed, in the case of 3000 RPM, see figure 9 (a), where the tonal noise around the BPF is completely disappears at U=12 m/s. This can be associated to the fact that blades are not aerodynamically loaded at this speed. Figure 10 is presented to have a better insight on the effects of flow velocity and the resultant aerodynamic loads on the generated noise, The four graphs display the far-field noise power spectral density of the pressure fluctuations with respect to velocity, advanced ratio (J), thrust and torque at 3000 RPM, 4000 RPM and 5000 RPM at BPF. Figure 10 (a) and (b) indicates that increase in velocity or advanced ratio decreases the generated noise at 4000 RPM and 5000 RPM. For 3000 RPM the PSD level trend deviates from the gradual decrease at 8 m/s and corresponding advanced ratio. Considering Figure 10 (c) and (d), the PSD levels tend to increase with the aerodynamic loads, i.e. thrust and torque. 
D. Effects of pitch
At the given diameter of 11 inches, seven propellers with pitch angle of 6.6<β75%R<16.1 were used to measure the far-field noise power spectral density of the pressure fluctuations. Figure 11 displays PSD as a function of the free-stream flow velocity at varying rotational velocities at 3000 RPM, 4000RPM and 5000 RPM at the first blade passing frequency. Considering all the graphs in Figure 10 (a) to (c), the following results may be concluded. As the pitch angle increases the noise generated by the propeller increases. The PSD levels increase about 7dB from pitch 4 inches to 10 inches. Moreover, the thin electric propellers generate less noise compared to the sport propellers. Furthermore, as in line with the previous observations, the PSD levels increase with the increase in RPM, i.e. increase the effective speed of the blade tip. 
IV. Conclusion
This article described an experimental work to investigate the effect of propeller pitch and rotational speed on the noise generation by small diameter propellers (11 inches), in the forward-flow-flight condition with various flow velocities. To establish a link between aerodynamic and acoustic performances, the aeroacoustic noise levels and aerodynamic loads, were acquired simultaneously, thus allowing detailed analysis of far-field acoustic signatures as a function of shaft rotational speed and the corresponding aerodynamic loads (thrust and torque).
Results from acoustic measurement highlighted that the propeller noise signature consists of a series of discrete tones and broadband noise and that the spectra were dominated by the blade passing frequency and its harmonics regardless of the propellers used. The directivity study suggested that while the fundamental blade passing frequency exhibits cardioid behavior, its harmonics generate a more complex directivity pattern with lower power spectral density values. Furthermore, the power spectral density level increases with the increase in the rotational speed due to the increase the blade tip's speed. The experiments show that the aerodynamic loads and the level of generated noise is related. An increase in thrust and torque values tends to increase the PSD values. Moreover, it is shown that higher pitch values generate higher far-field noise power spectral density at first blade passing frequency. Finally, the APC Sport propellers is shown to be noisier than APC Thin Electric propeller with the same pitch.
